In capacitive hydrogen diluted silane discharges the formation of dust affects plasma processes used, e.g. for thin film solar cell manufacturing. Thus, a basic understanding of the interaction between plasma and dust is required to optimize such processes. We investigate a highly diluted silane discharge experimentally using phase-resolved optical emission spectroscopy to study the electron dynamics, laser light scattering on the dust particles to relate the electron dynamics with the spatial distribution of dust, and current and voltage measurements to characterize the electrical symmetry of the discharge via the dc self-bias. The measurements are performed in single and dual frequency discharges. A mode transition from the α-mode to a bulk drift mode ( -mode) is found, if the amount of silane and, thereby, the amount of dust and negative ions is increased. By controlling the electrode temperatures, the dust can be distributed asymmetrically between the electrodes via the thermophoretic force. This affects both the electron heating and the discharge symmetry, i.e. a dc self-bias develops in a single frequency discharge. Using the Electrical Asymmetry Effect (EAE), the dc self-bias can be controlled in dual frequency discharges via the phase angle between the two applied frequencies. The -mode is observed for all phase angles and is explained by a simple model of the electron power dissipation. The model shows that the mode transition is characterized by a phase shift between the applied voltage and the electron conduction current, and that the plasma density profile can be estimated using the measured phase shift. The control interval of the dc self-bias obtained using the EAE will be shifted, if an asymmetric dust distribution is present. However, the width of the interval remains unchanged, because the dust distribution is hardly affected by the phase angle.
Introduction and motivation
There are basic differences between capacitively coupled radio frequency (CCRF) discharges operated in electropositive inert gases, such as argon, and electronegative gases producing a variety of species. For instance, plasmas in H 2 with a small amount of SiH 4 admixed provide physical and chemical features, which are related to the nucleation of particles in the gas phase [1] [2] [3] [4] [5] [6] [7] [8] [9] and a complex gas chemistry [10, 11] involving many different species of neutral radicals as well as positive and negative ions [12] . In recent investigations, great efforts have been made to understand the gain and loss of the electron energy, the dynamics of the chemical processes driven by the electron kinetics, and the subsequent effects on the plasma properties. In their experimental studies, Böhm and Perrin have investigated a transition in the electron heating mode via optical and electrical measurements [13] . Later, Boeuf and Belenguer have clarified that this mode transition is accompanied by a drift field within the plasma bulk, which is required due to enhanced electron losses within the volume of the dusty and electronegative discharge [14] . The simulations of Yan et al have provided further details on the electron dynamics in this special mode of discharge operation [15, 16] . Throughout this paper, we will call this mode characterized by a dominant electron heating due to a drift field within the plasma bulk ' -mode' [17, 18] . The correlation between the dust particles (sometimes also called particulates or powder), the electron heating, and the symmetry of a discharge sustained in the -mode has not been studied experimentally and, hence, is not fully understood yet. Further gain in the knowledge of the processes in such plasmas is required to control and optimize the plasma properties, which is the basis for improvements in applications, e.g. in silicon thin film deposition processes [19] . In particular, the energy distribution and the total flux of the ions impinging on the substrate are crucial quantities for the plasma surface interaction and affect both the deposition rate and the morphology of the deposited films [20] [21] [22] [23] [24] [25] .
A novel potential means to control these ion properties is the Electrical Asymmetry Effect (EAE) [26] [27] [28] [29] [30] [31] [32] [33] [34] . By driving a CCRF discharge using a voltage waveform with different absolute values of the global extrema, the electrical symmetry of the discharge can be adjusted. For instance, applying a fundamental frequency and its second harmonic, the dc selfbias and the mean sheath voltages can be controlled by tuning the phase angle. Therefore, the ion energy is increased at one electrode and decreased at the other electrode, respectively. Investigations in low pressure argon discharges have shown, that the EAE allows control of the ion energy without affecting the ion flux, since the amplitude of the applied voltage and the power deposited in the plasma stay approximately constant [31] . This knowledge has then been transferred to CCRF discharges in CF 4 [35] and oxygen [36] . Using a similar concept, Booth et al have recently shown the effectiveness of the control of the discharge symmetry on resulting depositions [37] [38] [39] . Based on all these preliminary studies, it can be expected that the EAE might be useful for optimizing the deposition processes of crystalline layers of solar cells [40] .
In this study, the electron heating and the electrical asymmetry of highly diluted silane plasmas are investigated. Particular attention is drawn to the role of dust formed from the feed gas. The experimental diagnostics include a combination of phase-resolved optical emission spectroscopy (PROES) [41] [42] [43] [44] [45] [46] , two-dimensional laser light scattering (2D LLS) on the dust particles [3, 4, [47] [48] [49] [50] [51] [52] , current and high voltage probe measurements. The results are understood on the basis of a simple model, which explains the spatio-temporal electron heating dynamics. The experimental setup and the analytical model are described in the following section. The results given in section 3 include the electron heating dynamics and electrical asymmetry in plasmas with different dust density distributions. In that section, we distinguish between single and dual frequency discharges. Conclusions are drawn in section 4.
Diagnostics and methods

Experimental setup
The central part of the experimental setup, which is shown schematically in figure 1 , is a commercial discharge chamber built by Leybold Optics.
The parallel plate electrode configuration is tilted by 5
• from an exactly vertical alignment to prevent the dust particles after the extinction of the plasma from falling on substrates, which can be placed on the grounded electrode. The quadratic powered electrode with a size of 40 × 40 cm 2 serves as showerhead. The small electrode gap of 1.4 cm results in a high aspect ratio and, therefore, in a geometrically almost perfectly symmetric discharge configuration. Typical gas flows are 1000 sccm of H 2 with an admixture of 10 to 50 sccm of pure SiH 4 . The temperature of the powered electrode, T pow , and the temperature of the grounded electrode, T grnd , can be controlled separately. This is important for depositions [20] , because the substrate temperature affects the surface mobility. The plasma is confined between the electrodes by a system of grounded side walls inside the chamber, in which we implemented a window and slits to allow for optical measurements using a fast gateable ICCD camera (Roper PI-MAX). The camera detects the scattering of a laser light sheet produced by a 650 mW cw Nd : Yag laser (DHOM) at 532 nm on the dust particles in the plasma or the H α emission from the plasma at 656 nm through an appropriate interference filter.
From the measured emission of the n = 3 state of atomic hydrogen (called Balmer-α or H α ), I (z, t), the relative electron-impact excitation rate from the ground state, E exc (z, t), is calculated using a simple collisional radiative model taking into account the reduced lifetime of the excited hydrogen state due to collisional quenching [41, 44, 46, [53] [54] [55] [56] :
where τ eff = τ/(1 + τ k q n g ) is the effective lifetime depending on the natural life time, τ , the quenching rate, k q , and the neutral gas density, n g , respectively. The quenching is calculated for the pure hydrogen case, i.e. any changes in the quenching rate due to the admixture of silane are neglected. The uncertainty in the time domain might be of the order of one or two nanoseconds due to inaccuracies in the quenching rate and the propagation time of the light from the back end of the discharge to the camera.
In the measurements of the 2D LLS, the gradually decreasing transmission of the inner window due to the deposition by the silane plasma is taken into account in a linear approximation. The decrease in the transmission is on the order of a few per cent during a complete phaseresolved measurement and does, therefore, cause only a small uncertainty in the results. The 2D LLS intensity is obtained by subtracting the plasma emission without the illumination of the dust particles by the laser and the scattered light of the laser without dust and plasma from the measured intensity. It has been checked by a power variation that the laser power does not perturb the dust distribution. In order to achieve a comparable dust particle population in all cases, the plasma is switched off during the change in the electrode temperatures and the measurements are performed about 1 min after discharge ignition, i.e. definitely after the typical evolution time of the dust particle distribution [1, 2, 4-6, 9, 10, 48, 49, 58] . In this manner, no significant temporal changes are observed.
A LeCroy high voltage probe is connected to the rf feeding at the backside of the powered electrode. The time average of the measured voltage yields the dc self-bias. The measurements of the applied voltage amplitude have been corrected with frequency dependent calibration factors, as has been described in [28] . In the measurements the applied voltage is kept constant at typical amplitudes of about 100 V per applied frequency, which corresponds to output powers of about 100 W and 350 W at the generators of 13.56 MHz and 27.12 MHz, respectively.
The discharge current density is obtained from a small aluminum plate (red region in figure 1 ) with an area of about 1 cm 2 , which is placed on the surface of the grounded electrode. It is insulated from the electrode by a thin glass plate on the backside and, therefore, gathers a small fraction of the current flowing to ground. The signal is recorded by an oscilloscope and the time axis is calibrated by assuming a phase shift of 90
• between current and voltage in the vacuum case.
Model of power dissipation to electrons
In order to obtain a simple model describing the relative power dissipated to electrons time resolved within the rf period, the relative electron current density, i.e. the electron current density normalized by the maximum charge in the powered electrode sheath and the applied rf [31, 32] ,j(t), needs to be known. We start with the normalized voltage balance of a CCRF discharge [32] 
whereφ ∼ (ϕ rf ) andη are the applied voltage waveform and the dc self-bias normalized by the applied voltage amplitude. q(ϕ rf ) and q t are the net charge in the powered electrode sheath and the total net charge normalized by the maximum charge in the powered electrode sheath. A dot denotes differentiation with respect to ϕ rf = ω rf t with ω rf being the fundamental frequency of the applied voltage waveform. The symmetry parameter ε, β and κ are given by
Here,φ sg andφ sp are the maximum voltage drop across the grounded and powered sheath, respectively, l b and s max,p are the bulk length and the maximum extension of the powered sheath.ω pe,b is an effective electron plasma frequency in the bulk [31, 32] and ν m is the electron collision frequency. We definē
as the Fourier representation of an arbitrary applied voltage waveform. Here, k is the frequency of the respective voltage harmonic normalized by the fundamental frequency. θ k is the phase of the respective voltage harmonic. Each individual Fourier component has the relative amplitudeφ k 1, which are assumed to be chosen in a way that the maximum of |φ ∼ (ϕ rf )| equals unity. The base frequency (k = 1) is ω rf .
It has been found in geometrically symmetric discharges at relatively high pressures of about 100 Pa in Ar [27] , that the symmetry parameter stays close to unity. Therefore, in the following we assume ε = 1 to simplify the analytical solutions. All results can easily be extended for small deviations; however, if the assumption ε ≈ 1 (or |ε −1| < 0.1) is not valid, no analytic expression for the power absorbed by the electrons can be found and equation (2) needs to be solved numerically. As will be shown later, ε actually varies, but the analytical treatment still provides reasonable results in the single frequency case. The bulk factor β is on the order of 10 −1 or 10 −2 and strongly depends on the depletion of the electron bulk density due to the presence of dust particles. Therefore, the first and the fourth terms on the right-hand side of equation (3) can be neglected. The last term must be taken into account due to the high collisionality (κ 100). In this approximation,
and the analytical solution for the charge q(ϕ rf ) is
The parameter¯ = β 2 κ/q t determines the contribution of the bulk. The role of¯ will be discussed in detail later on. By differentiating equation (10), we obtain the normalized current densitȳ
Note the dependence on¯ : the current (equations (11) and (12)) converges into the bulk free solution in the limit → 0 and shows a simple resistive behaviour if¯ → ∞. Accordingly, the current waveform is phase shifted with respect to the phases of the applied voltage harmonics by
depending on the discharge impedance. This phase shift has been observed before and can be used to characterize H 2 SiH 4 discharges [13, 14, 49, 57, 58] . From the current the relative power dissipated to the electrons can be deduced asP e (ϕ rf ) =j 2 (ϕ rf )/σ , where the conductivity of the discharge can be approximated σ = n e e 2 /(m e (iω rf + ν m )) ≈n e e 2 /(m e ν m ) in the highly collisional case, i.e. ν m ω rf [59, 60] . In general, σ might be time dependent, e.g. due to losses of electrons in the volume via attachment processes. Here, any fluctuations in the conductivity are neglected. Note that no assumption on the shape of the applied voltage waveform has been made to obtain equations (11) and (12) , because any voltage waveform can be represented by a Fourier series as defined in equations (7) and (8) . In this study, we will apply the model to geometrically symmetric single frequency discharges only. Therefore, we restrict ourselves to k = N = 1 in equation (10), i.e. φ ∼ (ϕ rf ) = cos(ϕ rf ), and consider the completely symmetric case (η = 0 and ε = 1) only. Then, equations (10) and (11) can be further simplified:
The normalized total charge, q t , has not been determined up to now. If the bulk can be neglected, it is straightforward to calculate q t analytically. Here, β 2 κ is on the order of unity and the according term must be taken into account in the simplified voltage balance (equation (9)). The total charge must be chosen in a way that both sheaths totally collapse once in the rf period, i.e. the charge given by equation (10) needs to vary between q min = 0 and q max = q t . A necessary condition for these extrema isj(ϕ rf ) = 0. Therefore, they do not take place at the time of maximum and minimum applied voltages, but are slightly shifted in time due to the phase shift of the times of zero current. The sum in equation (10) varies in the range
2 ) −1/2 . Both extrema result in the same criterion for the total charge
Again the bulk free case, i.e. β 2 κ = 0, yields the well-known solution q t = 1 for ε = 1 [26, 27, 29, 32] , while in the bulk dominated case, i.e. β 2 κ → ∞, the total net charge vanishes. Furthermore, q t is related to the phase shift ψ via
and can, hence, be obtained from a fit to the experimental data. This, in turn, allows us to determine the voltage division between the sheaths and the bulk as well as the mean ion densities in the sheaths and the bulk from the measurement. According to the respective term in the voltage balance (equation (9)), the maximum voltage across the plasma bulk is 2β 2 κq max . Since the maximum in the currentq max equals q t /2 and |φ s | = q 2 t , the voltage division between plasma bulk and sheaths in terms of their maximum values,φ b and |φ s |, iŝ
Note that the absolute value of the maximum voltage across both sheaths is identical for reasons of symmetry. Furthermore, assuming a spatially constant ion density,n s , within the sheaths, the mean ion density is calculated using the above information on q t (equation (16)) in Poisson's equation
where 0 and e are the vacuum permittivity and elementary charge, respectively, s max is the maximum extension of each of the two sheaths and φ 0 is the amplitude of the applied voltage.
To illustrate the obtained temporal evolution of the dissipated power and compare it with the experimental results, a simple spatial model is applied. We assume the ion density to be stationary, symmetric and constant in space in the bulk and the region, in which the sheaths are oscillating. This is a strong simplification, but might be justified due to the long diffusion times of the positive ions out of the electronegative bulk and the expectation that SiH + 3 is the dominant ion under the conditions considered in this work [19, 11] . All relevant quantities are depicted in figure 2, as well. Then, the bulk factor can be split into
Whenever the conditions of both sheaths are absolutely identical, any temporal modulation in β cancels. If this is not the case and the modulation becomes significant, the simple analytic solution obtained in this work must not be used, but equation (9) including β = β(ϕ rf ) must be solved numerically. However, in the simple approximation of a matrix sheath the extensions of the bulk into the region between maximum sheath extensions and electrodes simply become (21) yields
Substituting the mean electron plasma frequency in the regions, where the sheaths oscillate, byω pe,b,s = e √n s / 0 m e and rearrangingω pe,b for the mean plasma density in the bulk, n b =ω 2 pe,b 0 m e /e 2 , we obtain
Thus, the mean plasma density is a function of β, the geometrical ratio l b /s max , andn s , respectively. If κ is known, β is given by the phase shift between current and voltage via equations (17) and (18) . By estimating the maximum sheath width s max , e.g. from optical measurements,n s and n b can be calculated using equations (19) and (23). This means that-in our simple approximation-the model allows for the determination of the electron density in all regions of the discharge. Furthermore, it is possible to derive an expression for the time-averaged power dissipated to the plasma electrons, P e , to gain insight into the dependence on the bulk properties. Here, . . . indicates the temporal average over one rf period. In general, P e is given by [31] 
where A p denotes the surface area of the powered electrode. In the average φ ∼ (ϕ rf )q(ϕ rf ) , the applied voltage can be split into the voltage drop across each of the sheaths and the bulk, respectively. Only the bulk fraction gives a contribution:
. Rearranging equation (19) for s max and using equation (16) yields
It is interesting to note that the function in the curved brackets depending on β 2 κ has a maximum; it increases between β 2 κ = 0 and the maximum β 2 κ = 2 −1/4 ≈ 0.84. This is due to the fact that the discharge impedance becomes more resisitive, whereas the current amplitude decreases only slightly due to the decrease in q t . In the limit β 2 κ → ∞ the function approaches zero again, because the total charge and, thus, the current amplitude approach zero. In reality it can be expected that the mean sheath density,n s , has a dependence on β 2 κ and, hence, the behaviour of the mean power dissipated to the electrons becomes more complex.
Results
Electron dynamics and dc self-bias in single frequency discharges
Before discussing the electron heating in dual frequency discharges, the heating mechanisms are illustrated in the simpler case of a single frequency discharge. Figure 3 shows the experimentally obtained excitation of H α in a capacitive discharge operated in hydrogen with different amounts of silane admixed at a total pressure of 500 Pa and a 13.56 MHz voltage amplitude of 200 V with equal electrode temperatures (T pow = T grnd = 60
• C). In a pure hydrogen discharge (figure 3(a)) two basic electron heating mechanisms are revealed, which are typical for molecular gas plasmas with mobile ions: acceleration of electrons in the sheath region towards the bulk around the time of sheath expansion and local field reversals close to the electrodes accelerating the electrons towards the electrode surfaces around the time of sheath collapse [41-44, 46, 56, 61] . The effect of sheath expansion on the electron dynamics has been investigated in many studies before. However, it should be noted that in the case of relatively high pressure this heating mechanism is not only related to the local interaction of the moving sheath edge with the electrons, but it also involves the ensemble of electrons in the sheath region. Due to the high collision frequency (about 1.1 × 10 10 s −1 [62, 63] ) the energy relaxation length of the electrons is small ( 100 µm) and the physical picture of an electron beam generated at the sheath edge, which is typically used to describe the energy gain of electrons in low pressure CCRF discharges operated in the α-mode [41] [42] [43] [44] 46] , is not applicable. The electron heating at these high pressures can rather be explained by the relatively low electron density in the entire sheath region, which means that an electric field weakly penetrates into the quasineutral region to ensure a spatially constant electron current in the 'bulk' region [18] . The local field reversal occurs due to the fact that the electrons are hindered by collisions from reaching the electrode around the time of sheath collapse. Thus, a field builds up and accelerates the electrons to ensure that the current of positive ions onto the electrodes is compensated on time average [42, 56, 61] .
If a small amount of SiH 4 is added ( figure 3(b) ), a completely different electron heating mechanism is observed inside the plasma bulk region slightly delayed after the sheath expansion heating. This is due to the fact that negative ions and negatively charged dust particles, which agglomerate from clustered molecules in silane discharges, are confined between the maximum sheath extensions by the time-averaged electric field profile. Thus, the electron density in the bulk is considerably reduced. Furthermore, the electron motion is highly collisional at the relatively high neutral gas pressure. These are the reasons why the conductivity is strongly decreased and a strong drift field builds up [17, 18, 35, 64] . Another perspective is given by the global balance of electrons, which are lost due to fluxes to the electrodes and, more important, attachment of preferably highly energetic electrons to negatively charged dust particles and preferably lower energetic electrons to neutrals forming negative ions. The enhanced losses due to these processes in the volume have to be compensated by ionization. Therefore, a higher electron temperature and the heating of electrons by an electric field in the bulk are required [57, 65] .
With a further increased fraction of SiH 4 ( figure 3(c) ) this mechanism dominates the total electron heating. This mode transition has been observed before experimentally (see, e.g., [13, 47, 57] ) and in simulations (see, e.g., [14-16, 57, 65] ) and is shown here by PROES in SiH 4 discharges for the first time. From the model it can be expected that the phase between the electron heating and the applied voltage ( figure 3(d) ) decreases in the -mode compared with the α-mode. Therefore, the maximum excitation (marked with a white dashed line within the first half of the rf period in figures 3(a)-(c) ) appears later.
The excitation patterns in a hydrogen diluted silane discharge can be understood based on the analytical model for the power dissipated to electrons that has been introduced in section 2.2. Figure 4 shows the measured current density and a fit of the model function (equation (15) with the phase shift ψ and an arbitrary amplitude as the only fit parameters), the phase shift between applied voltage and discharge current density (equation (13) ) and the resulting model parameter¯ . The measured discharge current density shows a disturbance, which oscillates at the fifth harmonic of the fundamental frequency. A similar shape of the current waveform was obtained in [13] . Nevertheless, the fit of the model function yields a reliable value for the phase shift ψ. The phase shift decreases as a function of the SiH 4 admixture, because the dust density in the plasma bulk is enhanced and, thus, the discharge becomes more resisitive. The absolute values are comparable to those in [14, 49, 65] . Accordingly, the voltage drop across the plasma bulk and¯ = tan(−ψ) (from equation (13)) increase. Under the conditions used here it is well justified to assume ε = 1, because in the single frequency case the dc self-bias is negligible for equal electrode temperatures (see figure 10) .
In the electron power dissipation shown in figure 5 (a), ψ is taken as an input parameter, which is deduced from the fit of the analytical model to the measurement at SiH 4 = 50 sccm. Usually, the maximum sheath widths can be estimated from PROES measurements [41] . In our case, however, the excitation is very faint in the corresponding time interval. Therefore, we use a different way to obtain an approximate value for s max : the equilibrium position of dust particles results from a force balance of all forces acting on them. Under these conditions, the ion drag force and the electrostatic force are dominant [7, 33, 34, 66] . Thus, the peak of the spatial distribution of the dust particles is close to the sheath edges and the maximum sheath widths of s max ≈ 3.0 mm are estimated based on the peaks in the 2D LLS intensity profiles (see T pow = T grnd curve in figure 8 ). Then, l b = d − 2s max ≈ 8 mm. According to β 2 κ =¯ εq t , ε = 1, and equation (16), a normalized total charge of q t ≈ 0.92 and β 2 κ ≈ 0.60 is calculated. The electron density and electron plasma frequency is assumed constant in the regions between the maximum sheath extensions and in the regions, in which the sheaths oscillate. From equation (19) , we find n s ≈ 2.1 × 10 9 cm −3 . Using this result and κ ≈ 130 [62, 63] in equation (23) yields a plasma density in the bulk ofn b ≈ 1.8 × 10 9 cm −3 , i.e. the electron density and conductivity are slightly smaller in the bulk than in the quasineutral fraction of the regions, in which the sheaths oscillate, due to the depletion of the electron density by the presence of dust particles.
Thus, the electron density can be estimated using the power dissipation or the discharge current waveform in the analytical model. This might provide the basis for a simple and non-invasive diagnostic technique, which is limited by the restrictions of the model approach. Comparing the outcome of the analytical model for the electron power dissipation with the measured excitation shown in figure 3(c) , we find reasonable agreement. Both graphs clearly show that the discharge is operated in the -mode, as has been discussed above. However, the electron density at the bulk sheath transition physically follows a smooth function. These details are not captured by the model. Moreover, the comparison with the measurement is further complicated by experimental issues. An enhanced decrease in the measured excitation close to the electrodes is caused by shadowing [67] [68] [69] . In particular, shadowing depletes the measured intensity within a region of ≈2 mm in front of the electrodes in our case [67] . Due to the long observation path of the ICCD camera, blurring effects are on the order of 1 mm. Since both shadowing and blurring are proportional to the aperture angle, no simple correction for the shadowing [67] [68] [69] is possible. This might explain why the dissipated power obtained in the analytical model is spatially much more homogeneous than the excitation observed in the experiment. The individual voltage drops across the powered sheath, φ sp , the grounded sheath, φ sg , and the plasma bulk, φ b , are displayed in figure 5(b) . On time average, the bulk voltage cancels. However, the maximum voltage drop across the bulk isφ b ≈ 0.65|φ s | and is in phase with the discharge current according to equation (9) . The sum of all three voltage drops equals the applied voltage.
The dependence of the temporally averaged spatial excitation profile on the amount of silane admixed is shown in more detail in figure 6 . In the α-mode the discharge is sustained by electron heating via the interaction of the ensemble of electrons with the rf modulation within the sheath regions. Hence, the excitation shows peaks in the sheath regions. In the -mode the discharge is sustained via drift fields within the bulk and, hence, the excitation forms a plateau in the discharge centre [13, 14, 47, 57] . Therefore, the transition from α-mode (small amount of SiH 4 ) to -mode (relatively large amount of SiH 4 ) is clearly visible in figure 6 . The higher excitation in the -mode compared with the sheath heating or α-mode scenario might be due to the fact that there are two equally strong excitation peaks within one rf period in the same space region. Moreover, the profile stays symmetric with respect to the central plane between the electrodes.
The symmetry will be broken, if the electrode temperatures strongly differ from each other. As shown in figure 7 , the excitation occurs at about the same time as observed under equal electrode temperatures conditions (see figure 3(c) ). However, in the case T grnd > T pow the spatial profile shows peaks inside or close to the sheath regions, which are much more strongly pronounced at the powered electrode sheath than at the grounded one. This asymmetry can be explained by the distribution of heavy negatively charged dust particles that cannot respond to the rf modulation. The negative ions can still be assumed to be confined in the bulk region, because their distribution is not sensitive to the neutral gas temperature profile. In contrast, the dust particles are pushed towards the powered electrode by the thermophoretic force [47, 48, 70, 71] . Figure 8 shows the spatial profile of the laser light scattering intensity measured at different temperature differences of the electrodes. In these measurements the temperature of the grounded electrode has been varied, while the temperature of the powered electrode is kept constant at T pow = 80
• C. At equal or similar electrode temperatures the intensity profile exhibits two distinct peaks located around the positions of maximum sheath extensions. This is due to the fact that the negatively charged dust particles, which are formed in the discharge volume, are pushed towards the electrodes by the ion drag force and repelled by the electric field inside the sheaths. Thus, two stable equilibrium positions of force balance exist [7, 33, 34, 66] . Nevertheless, there might be a large amount of negative charges assigned to a high density of smaller particles [72] in the coagulation phase, which exhibit a very weak scattering signal due to their relatively small diameter [47] . In general, the peak in the LLS profile located around the grounded sheath edge is higher compared with the one around the powered sheath edge. This might be due to the fact that the flow of neutral gas through the showerhead electrode yields an additional drag force towards the grounded electrode. In a very narrow window of conditions, dust particles can be observed in the entire bulk volume (T grnd − T pow ≈ −20 K). In that particular case, the equilibrium position around the powered sheath edge might have become unstable due to the superposition of the neutral gas drag force and the thermophoretic force, both pushing the particles against the ion drag force away from the powered sheath [73] . We note that this phenomenon critically depends on global discharge parameters, such as temperature gradient, neutral gas flow and pressure. A different explanation might be given by changes in the dust size distribution due to changes in the growth kinetics with gas temperature [1, 5, 47, 48, 52, 71] , i.e. the laser light scattering intensity is expected to be more homogeneous within the bulk volume if smaller sized dust particles give a larger contribution to the distribution. A more detailed analysis of this observation is, however, beyond the scope of this work.
In case of strongly different electrode temperatures the thermophoretic force pushes the particles into the powered sheath. Therefore, the electron dynamics are further enhanced in this sheath and the main electron heating occurs here. Furthermore, it can be observed that the total LLS intensity decreases; this might indicate that a significant fraction of the dust particles is not confined in the plasma by the sheath potential anymore. Neglecting all other forces (ion and neutral drag forces, Coulomb interaction, dielectrophoretic forces, etc.), a criterion for the question, whether the dust particles stay in the plasma or not, might be given by the balance between the electrostatic force, F el , and the thermophoretic force, F th . If F th > F el , the dust particles will be able to leave the discharge; if F th F el , the question cannot be answered easily and the role of the other forces as well as details such as the charge fluctuations of dust particles [48, 74] must be taken into account.
The neutral gas temperature profile can well be approximated as a linear function between the electrodes, as the heat conduction is much larger than the heat convection. We checked the linear temperature profile in the region between the electrodes using a COMSOL simulation of the neutral gas dynamics in pure H 2 . Then, we find a temperature gradient of 8.6 × 10 3 K m −1 , which yields a thermophoretic force F th of about 5 × 10 −12 N for particles with a radius of about 100 nm and 5 × 10 −11 N for particles with a radius of about 1 µm, respectively, according to [47] . Assuming a charge of −100 e and −1000 e for particles with radius 100 nm and 1 µm [75] , respectively, an electric field strength of more than 3 kV cm −1 is required to keep the particles in the plasma. With a sheath width of about 0.3 cm, this would mean a voltage drop across the sheath of about 10 kV. This value is much higher than the applied voltage amplitude in the experiment. Therefore, according to the criterion F th > F el the dust particles may (partially) overcome the sheath potential and reach the electrode. This simple reasoning motivates the decrease in the LLS intensity described above and the additional negative current related to the particles reaching the electrode might affect the electron current and, thereby, further modify the sheath structure [76] [77] [78] [79] [80] due to the net balance of positive and negative charges leaving the discharge.
The resulting effect of the asymmetric dust distribution due to the thermophoretic force on the spatial excitation profile is illustrated in detail in figure 9 . It can be concluded that in our chamber configuration with a relatively narrow discharge gap an electrode temperature difference of about 50 K is sufficient for a reasonable asymmetry in the excitation. Moreover, the position of the peak in the profile moves slightly further towards the powered electrode, because the thermophoretic force pushes the particles further into the respective sheath. The maximum excitation increases monotonically with increasing temperature difference, whereas the 2D LLS intensity decreases (see figure 8 ). This means that either the size distribution of the dust particles tend towards smaller values due to changes in the growth kinetics [ 1, 5, 47, 48, 52, 71] and that the residence time becomes smaller or that the role of the dust for the electron heating becomes more significant due to the position further inside the sheath region. According to the stronger excitation, an enhanced ionization and a higher ion density can be expected in the dusty sheath compared with the almost dust free opposing sheath [14, 57, 65] . A similar increase in the excitation in the dusty region of a low pressure discharge has been observed using PROES in an argon plasma containing plastic microspheres [45] . Furthermore, the dust particles considerably contribute to the space charge and might enhance the effective area of the powered surface. For these reasons, the properties of the two sheaths strongly differ from each other [76] [77] [78] [79] [80] , leading to an asymmetry of the discharge and the development of a dc self-bias [81, 82] in our geometrically symmetric parallel plate discharge, as shown in figure 10 . The asymmetry affects processing applications, because the mean sheath voltages and the ion energies at the electrodes change. Furthermore, Figure 11 . Spatio-temporal plot of the H α excitation obtained from PROES measurements in an electrically asymmetric capacitive discharge operated at a total pressure of 500 Pa. The same voltage amplitude is chosen for both frequencies (75 V at 13.56 MHz and 75 V at 27.12 MHz). First column: θ = 0
• , second column: θ = 45
• , and third column: θ = 90
• . In the first row, a pure H 2 discharge is investigated. In the second row, 50 sccm of SiH 4 is added to 1000 sccm of H 2 with equal electrode temperatures of T pow = 60
• C and T grnd = 60 • C. In the third row, the same gas mixture as in the second row is used, but the electrode temperatures are set to T pow = 80
• C and T grnd = 200 • C. The powered electrode is at the bottom (0 mm) and the grounded electrode is at the top (14 mm). The maximum excitation given in arbitrary units on top of the graphs may be compared only individually in each row. The applied voltage shown in the last row is reconstructed from the measurements. the production of radicals, which largely contribute to the deposition of films, requires energetic electrons and a stronger asymmetry in the excitation will, therefore, cause the diffusion length of the radicals towards the substrate to become longer. Figure 11 shows the experimentally obtained excitation of H α in a capacitive discharge operated at a total pressure of 500 Pa and a total voltage amplitude of 150 V (75 V per frequency applied) for different phase angles (columns), admixtures of SiH 4 , and electrode temperatures, respectively. The first row (see figures 11(a)-(c) ) shows the excitation in pure hydrogen, in the second row (figures 11(d)-(f )) a SiH 4 gas flow of 50 sccm is added to 1000 sccm of H 2 . In the first and second rows the electrode temperatures are equal (T pow = T grnd = 60
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• C). In the third row the electrode temperatures are set to T pow = 80
• C and T grnd = 200 • C (figures 11(g)-(i)), respectively, while maintaining the same gas mixture as in the second row. We vary the phase angle of the 13.56 MHz voltage, θ , while the phase angle of the 27.12 MHz voltage is zero in all measurements. All heating mechanisms, which have been discussed based on the results obtained in a single frequency discharge, can clearly be identified in these graphs. Note that, if the discharge is sustained in the α-mode, each of the two sheaths partially expand and contract twice within one period of the fundamental frequency (as can be inferred from the applied voltage, see figures 11(j )-(l)). The measurements show, therefore, that two maxima caused by sheath expansion (labelled '1' in the graphs) may occur in front of one of the electrodes. At all phase angles there is one heating maximum due to a local field reversal (labelled '2') in front of each electrode per rf period. No second maximum due to this heating mechanism is observed here, because the sheath at the grounded electrode at θ = 0
• and the sheath at the powered electrode at θ = 90
• expand only to a very small extension before collapsing for a second time. The excitation dynamics shows a strong dependence on the phase angle. On time average, it is stronger on the powered side at θ = 0
• and stronger at the grounded side at θ = 90
• , respectively. This enhanced electron heating in the region of the respective sheath, over which a larger mean sheath voltage drops, agrees qualitatively with the observations made in electrically asymmetric oxygen discharges or multi-frequency discharges operated at relatively high pressures ( 100 Pa) [30, 36] .
As in the single frequency case, again a mode transition can be observed depending on the amount of SiH 4 added. The excitation then forms a rather homogeneous stripe through the entire bulk that reaches into the sheath regions (see figures 11(d)-(f )). Basically, the excitation shows two maxima within one period of the fundamental frequency. However, there is almost a factor of two between the total amplitudes of these excitation maxima. By comparing these patterns with the one obtained in a pure hydrogen discharge, i.e. the results shown in the first row of figure 11 , it can be concluded that the excitation always peaks shortly after the time of fastest sheath expansion of one of the sheaths. The difference in the height of the maxima might be explained as follows: the lower the electron density, the stronger is the electric field accelerating fewer electrons. If a maximum occurs after a relatively long time of basically no electron heating, the electric field is strongest. The electrons lose the gained energy in collisions, which partly lead to ionization. Then, the second maximum is smaller, because the electron density is increased and the required electric field strength is smaller. These dynamics of the electron density in the plasma bulk might be further enhanced by the additional losses in the volume due to the fluxes on the dust particles. It should be noted in this hypothesis that the excitation is a strongly nonlinear function of the energy gain of the electrons [41] .
A difference in the electrode temperatures leads to a strong spatial asymmetry in the excitation. In contrast to the measurements using equal electrode temperatures, a small amount of excitation is found at θ = 45
• around the time of sheath collapse, i.e. the electron heating due to a field reversal pulling electrons towards the powered electrode is observed. Here, the local field reversal builds up because of the relatively high number of collisions and the losses due to the electron flux onto the dust particles.
The effect of dust on the possibility to control the symmetry of the discharge via the EAE is illustrated in figure 12 , which shows the dc self-bias as a function of the phase angle between the two applied frequencies and the temperature difference of the two electrodes. As above, the temperature of the grounded electrode is varied while maintaining the temperature of the powered electrode constantly at T pow = 80
• C. The control range of the dc selfbias via the asymmetry of the applied voltage waveform is about 30% of the applied voltage amplitude. If the ion density profile did not change as a function of the phase angle, the control range was about 44%. However, as discussed above the excitation and the ionization is stronger at the powered side at θ = 0
• due to the asymmetry in the electron heating. This leads to a counteracting ion density profile and the control interval becomes smaller. A similar mechanism has been observed in other gases at relatively high pressures before [35, 36] . This means that the asymmetry in the electron heating dynamics causes changes in the discharge symmetry, i.e. ε = 1, and one cannot expect the simple model for the electron power dissipation to be valid under these conditions. It is important to note that the control interval is hardly affected by the presence of the dust particles, no matter what the spatial distribution of these particles is. However, as in the single frequency case (see figure 10 ) a strong additional dc voltage is induced, which shifts the control range towards positive values. Only at high temperature differences, the minimum possible dc self-bias is found at about θ = 150
• and not at about θ = 0
• . This might be due to the fact that the powered sheath collapses only once at 0
• , whereas the grounded sheath collapses twice. Therefore, the electron current towards the powered electrode, which is required to compensate the ion current on time average [29] , is high during a short time and the local field reversal is even enhanced by the presence of dust inside the sheath due to collisions and losses. Thus, the ionization source inside the powered sheath is further enhanced at about θ = 0
• . This generally leads to the shift in the dc self-bias via the higher mean ion density in the powered sheath compared with the mean ion density in the grounded sheath and a deviation from the almost linear behaviour of the dc self-bias from 0
• to 90
• and from 90
• to 180
• , respectively, is found.
The surprisingly simple superposition of the asymmetries generated via the EAE and by the dust distribution is due to the fact that the position of the dust particles does not depend on the particular choice of the phase angle. Figure 13 shows the measured LLS intensity measured at 500 Pa in an electrically asymmetric capacitive discharge with (a) equal or (b) different electrode temperatures for different phase angles. In contrast to the manipulation of the dust particle distribution via the EAE at very low pressures [33, 34] , the position of the peaks in the distributions will not shift significantly if the phase angle is varied. This can be related to the fact that the maximum sheath extensions hardly depend on θ at high pressures. Therefore, the effect of the asymmetry of the applied voltage waveform and the effect of the dust distribution on the electrical asymmetry of the discharge do not interact. The only change is found in the height of the peaks in the case of a strong thermophoretic force, which might be explained by the change in the electron dynamics: it can be expected that the ionization close to the powered electrode due to local field reversals is the strongest mechanism around θ = 0
• , similarly strong as the sheath expansion heating at θ = 90
• , and relatively small at θ = 45
• (see figures 11(g)-(i)). This might affect the charge dynamics of the dust particles [74] , and the confinement of the (on time average) negatively charged particles in the sheath electric field works better if the electron heating is enhanced, because the resulting highly energetic electrons are able to overcome the dust particle potential.
Conclusions
The effect of dust on the electron heating and the dc selfbias, i.e. the electrical symmetry of the CCRF discharge, in dust particles containing hydrogen diluted silane discharges operated at relatively high pressures of 500 Pa has been investigated using experimental and analytical modelling approaches. PROES measurements are performed for the first time in SiH 4 containing plasmas to study the electron dynamics. It was found that the electron heating is significantly enhanced in the region that contains the major amount of negative charged heavy particle species (dust particles and negative ions): the maximum of the measured H α excitation spans over the complete quasineutral plasma if the electrode temperatures are equal, because the dust particles and the negative ions are confined between the sheath edges. This means that a mode transition from the α-mode in pure H 2 discharges to the -mode (or bulk drift mode) occurs at a certain gas mixture and an enhanced electric field is required to drive the rf current through the zone of electron depletion. The resistivity of the electronegative plasma bulk results in a phase shift in the discharge current, which can be used to characterize the -mode. The relative power dissipation to the plasma electrons in this mode is understood based on a simple analytical model, which uses the phase between current and voltage obtained from a fit to the measurement as an input parameter. It reasonably reproduces the excitation patterns due to the localized electron dynamics and allows for an estimation of the plasma density, i.e. the combination of the measurement of the phase between current and voltage and this model can be used as a diagnostic. Due to the homogeneous (or at least symmetric) distribution of the excitation patterns this operation of the discharge in the -mode does not affect the discharge symmetry. However, the correlation of PROES and 2D LLS intensity measurements shows that in the case of a strong temperature gradient the dust particles are pushed into the sheath in front of the cooler electrode by the thermophoretic force. Subsequently, the electron heating becomes spatially strongly asymmetric and peaks within the dusty sheath. This leads to an asymmetric density profile and a dc self-bias develops in a geometrically symmetric plane parallel single frequency discharge.
Using the electrical asymmetry effect, a strong dependence of the excitation dynamics on the phase angle between the two applied frequencies is observed. For instance, a change in the number of sheath collapses results in a different amount of electron heating via local field reversals in a pure hydrogen discharge. Again, a transition to the -mode is observed if silane is added. As in the single frequency case, the measured H α excitation patterns become strongly asymmetric for a large difference in the electrode temperatures, i.e. the thermophoretic force leads to a strongly asymmetric dust particle distribution. Therefore, the ionization and, thus, the ion density distribution are not symmetric with respect to the discharge centre. The shift in the dc self-bias due to this asymmetry is almost independent of the asymmetry of the applied voltage waveform, i.e. the interval, over which the dc self-bias can be controlled via the phase angle, stays about the same. This is due to the fact that the spatial distribution of the dust particles is almost independent of the particular choice of the phase angle. Thus, the electrical asymmetry effect might be applicable to control the sheath voltages and, thereby, adjusting the ion energy at the substrate in the processing of silicon thin films, e.g. it is potentially possible to optimize the layers of solar cells.
